Abstract The recent progress in genome editing technology using the engineered zinc finger nucleases (ZFN), transcriptional activator-like effector nucleases (TALEN), and more recently, clustered regularly interspaced short palindromic repeat-CRISPR-associated protein 9 (CRISPR-Cas9) system have enabled the possibility of precisely modifying target sites in the genome. This technology brings hope of a cure for many genetic diseases. With this review, our goal is to discuss how targeted genome editing can be combined with hematopoietic stem cell transplantation and other approaches to be used for the treatment of a particular group of genetic diseases, the lysosomal storage disorders. We also highlight which diseases within this group would potentially benefit from this treatment and what are the main problems to be addressed to transform this promising technology into reality.
Introduction
Human genetic diseases arise from mutations in genomic DNA that abrogate normal function of genes. The emergence of recombinant DNA technology, which could enable the delivery of a "new gene" into the cells of patients, has brought hope of a cure for these diseases, and represents the prototype of gene therapy. Different biological strategies for genome engineering have appeared, but most of them have shown limitations related to low efficiency in gene delivery or in maintaining its expression or present significant risks related to the random insertion of the therapeutic gene into the genome [1, 2] . Recently developed protocols for genomic editing through the use of nucleases have provided a much simpler and safer way for targeted gene modification. The engineered proteins zinc finger nucleases (ZFNs) and transcriptional activator-like effector nucleases (TALENs) are based on DNA-binding proteins, whereas the clustered regularly interspaced short palindromic repeat-CRISPR associated protein 9 (CRISPRCas9) system is based on RNA-guided DNA recognition [3] . They can all be programmed to generate targeted double-strand breaks in genomic DNA. The break activates repair through error-prone non-homologous end joining or homology-directed repair. If non-homologous end joining is activated, the result is insertions and/or deletions (indels) that disrupt the target locus. In the presence of a donor template with homology to the targeted locus, the homology-directed repair pathway operates allowing for precise mutations to be made or corrected, or for DNA sequences to be inserted at much higher frequencies than conventional gene targeting. Double-strand break generation can increase rates of homologous recombination of ssDNA and dsDNA donors by 5-fold and 130-fold, respectively [4] . Several studies in cells and animal models using this technology as a form of gene therapy have been published, demonstrating its advantages over conventional gene therapy protocols (Table 1) . With this review, our goal is to discuss how targeted genomic editing can be used for the treatment of a particular group of genetic diseases, the lysosomal storage disorders (LSD), which diseases within this group would benefit from this technology, and what are the main problems to be addressed to transform this promising technology into reality.
Lysosomal Storage Disorders
Lysosomal storage disorders (LSD) are a group of approximately 50 genetically inherited diseases, characterized by total or partial deficiency of one specific enzyme involved in the degradation pathways of macromolecules in the lysosome [14] . They are monogenic and for most of them, a large number of mutations have been described. Some mutations cause complete loss of enzyme activity, while others only reduce this activity. Storage of undergraded or partially degraded material, usually the substrate of the defective enzyme, occurs in the lysosome. Conventionally, LSD are grouped based on the chemical nature of the non-degraded substrates that accumulate, including mucopolysaccharidoses, lipidoses, glycogenoses, and oligosaccharidoses [1] .
Despite the great heterogeneity of symptoms, most of these diseases are characterized by its progressive course with high morbidity and increased mortality, although there are significant variations between different diseases and among patients with the same disease [15] . Generally, these diseases are multisystemic, and clinical features include organomegaly, central nervous system dysfunction, and coarse hair and faces. Most patients are asymptomatic at birth and present the onset during childhood. Their frequency varies in different regions and populations, but although individually rare, the combined estimated prevalence ranges from 1:4000 to 1:9000 live births [14] .
Although several of these diseases have no specific therapy so far, for some LSD, hematopoietic stem cell transplantation (HSCT) and enzyme replacement therapy (ERT) are available, and other approaches, such as gene therapy, are being developed. These treatments are based on the fact that most lysosomal enzymes can be internalized by deficient cells via mannose-6-phosphate receptors. After endocytic internalization, the enzyme is transported by endosomes to the lysosome, resulting in the breakdown of accumulated storage material [16] . However, these treatments are not available to all LSDs, many of them are in the experimental phase, and they are not fully effective and curative.
In HSCT, stem cells from bone marrow or umbilical cord blood from healthy donors are transplanted. Evidence shows that its efficacy relies not only on the migration of donor cells into bone marrow and reconstitution of the blood lineage, but to the subsequent migration of engrafted cells into many disease target organs, including the brain, where they replace the resident enzyme-deficient population; thus becoming a local and steady source of the functional enzyme [17] . When successful, HSCT may prolong the patient's life, preserve neurocognition and enhance somatic changes. Major drawbacks of the HSCT include the significant risks associated with this procedure, such as the possibility of developing graft-versus-host disease, the difficulty of finding HLAcompatible donors and development of chimerism [18•] . So, its use in many countries has been deferred in favor of ERT whenever it is available.
In ERT, the deficient recombinant enzyme is administered to the patient by means of repeated intravenous injections. Despite being an effective and safe treatment option for various LSD, ERT also has important limitations. Among them are the adverse reactions presented by some patients, the high cost of treatment, the life-long dependence on weekly 4-5-hlong infusions and the limited ability to correct neurological and skeletal pathology [19] .
Given the limitations presented by existing therapies in the treatment of LSD, investigation of new therapies aiming at increasing treatment effectiveness becomes necessary. Many studies have been developed in this direction, each using a different aspect of the disease to the development of different approaches, among them gene therapy. Gene therapy may overcome some of these problems, as it may allow constant delivery of the enzyme direct to target organs and eliminates the need for weekly infusions. Also, correction of a few cells could lead to the enzyme being secreted into the circulation and taken up by their neighboring cells, resulting in widespread correction of the biochemical defects. So, the number of cells that must be modified with a gene transfer vector is relatively low [15] . Moreover, precise transcriptional regulation is probably not necessary as over-expression of lysosomal enzymes does not appear to be detrimental and as little as 5-10 % normal levels of enzyme can be therapeutic for several LSD [20] . Genetic modification can be performed either ex vivo or in vivo. The ex vivo strategy is based on modification of cells in culture and transplantation of the modified cell into patient [1] . Cells that are most commonly considered therapeutic targets for monogenic diseases are stem cells. Advances in collection and isolation of these cells from a variety of sources have promoted autologous gene therapy as a viable option for LSD. In mouse models of LSDs, genetically modified neural stem cells encoding for enzyme genes effectively decreased lysosomal storage, reduced pathology, and extended life span of animals [21] . Mesenchymal stem cells and inducible pluripotent stem cells (iPSC) are also being used with this purpose [6, 7, 22] . However, as already mentioned, conventional gene therapy protocols have important limitations; among them are safety issues related to immune response and the possibility of insertional mutagenesis in the case of viral vectors, and low efficiency with non-viral vectors.
Genome Editing Combined with HSCT: Potential to Treat LSD
The use of endonucleases for targeted genome editing can solve the limitations presented by the usual gene therapy protocols. These enzymes are custom molecular scissors, allowing cutting DNA into well-defined, perfectly specified pieces, in virtually all cell types. Moreover, they can be delivered to the cells by plasmids that transiently express the nucleases, or by transcribed RNA, avoiding the use of viruses [23] . This technology, combined with HSCT, may represent a milestone for treatment of LSD. Hematopoietic stem cells extracted from a patient could be transfected with vectors encoding endonucleases designed to cleave at sites near the specific mutation and with a donor vector. The donor vector contains a region homologous to the mutated region, however, with the correct nucleotide sequence, and would serve as a template for repair of DNA damage after the double-strand break. Then, the cells which internalize the two vectors, in which the cleavage and homologous recombination occur, would have the correct gene sequence, and may be selected and implanted back into the patient (Fig. 1) . Combining autologous HSCT with nuclease-mediated genome editing would have the advantages of lower risk of infection during the patient's treatment, since the recovery of the immune function is rapid. Also, it would avoid the development of rejection (graft-versus-host disease), since the donor and the recipient are the same individual [24] . However, the clinical experience obtained so far with conventional HSCT suggests that the success of this procedure will probably be limited to some LSD. Factors predicting the success of the treatment are generally disease-specific. The main LSD with good evidence of transplant efficacy are Hurler syndrome (MPS I), Hunter syndrome (MPS II), MaroteauxLamy syndrome (MPS VI), Sly syndrome (MPS VII), and α-mannosidosis [25] . These diseases would probably be also the ones with greater chance to benefit from the combined treatment HSCT + genome editing. Moreover, other LSDs with evidence from limited series that suggest that transplantation may be efficacious, or for which HSCT has not been widely applied, but it may be expected to have some advantage, the combined treatment may have advantages over the HSCT and become an option. In this group, diseases with milder phenotypes, for which HSCT was not formerly offered because of the perceived risk, can be included.
The HSCT is more effective in younger patients [18•] . Therefore, it is important to consider the time it would take to have the final diagnosis and identification of the mutation, the construction of vectors for site-specific cleavage and homologous recombination, and finally, cell repair and transplantation. Therefore, patients who have common mutations in certain populations could benefit, since the vectors are mutation-specific, and pre-clinical tests would be preferentially performed in these mutations, allowing the acquisition of information regarding correction rates and safety issues, for example. Table 2 shows the LSDs most likely to benefit from treatment with HSCT combined with genome editing, since they are treatable by HSCT and have reported common mutations in some populations.
The proposed strategy has been studied experimentally in other genetic disease models and the results are promising. Genovese et al. used ZFN genome editing in a model of Xlinked severe combined immunodeficiency (SCID-X1). They showed evidence of targeted integration in human hematopoietic stem cells by long-term multilineage repopulation of transplanted mice. They also demonstrated the therapeutic potential of the strategy by targeting a corrective complementary DNA into the IL2RG gene of HSCs from healthy donors and a subject with SCID-X1. Gene-edited HSCs sustained normal hematopoiesis and gave rise to functional lymphoid cells that possess a selective growth advantage over those carrying disruptive IL2RG mutations [5•] . The more recent technology of the CRISPR-Cas9 system seems to be even more effective than ZFN and has been used in proof of principle treatment for genetic diseases. This system was used to correct a mutation that causes cystic fibrosis in both patient-derived primary cultured small intestinal cells and large intestinal stem cells. When assayed in organoid culture, disease-associated defects were rescued in these engineered cells [33] .
Another approach that could be used for LDS is correcting other types of stem cells. Mesenchymal stem cells could be a good option for treating specific organs affected by the diseases. These cells can be easily obtained from bone marrow or adipose tissue. After editing their genome, the cells could be expanded in culture and reinserted into the patient to produce differentiated cells with corrected functions. Attempts with other gene therapy strategies have been made to use these cells to treat LSD. Meyerrose et al. (2008) transduced human bone marrow-derived mesenchymal stem cells with a lentiviral vector expressing β-glucuronidase and transplanted them into the xenotransplant model of MPS VII. Transduced cells persisted in the animals that underwent transplantation for the length of the study (4 months), expressed high levels of enzyme and reduced lysosomal storage in several critical tissues [34] . Moreover, studies using inducible pluripotent stem cells (iPSC) demonstrated that it is possible to generate mutations in these cells with the CRISPR-Cas9 system after inducing differentiation, allowing for studies of tissue-specific effects [7] . Such studies suggest that, in the future, it may be possible to generate iPSC from patients, correct the causative mutation, differentiate the cells and reintroduce them back into the patient.
Pitfalls to be Addressed
The potential of combining autologous HSCT with genome editing in gene therapy for LSD is evident. However, before this technology can be used as treatment for these diseases, some obstacles must be overcome. Some of them are related to hematopoietic stem cells, and are common to other forms of gene therapy on stem cells. After modification, it would be ideal that the selected cells could be expanded in culture before being reimplanted into the patient. Several protocols for expansion of these cells, the majority using cytokines in the culture medium, are being studied and showed good results in mouse cells [35] . However, when tested in larger animals or humans, the same protocols do not seem to work well [36, 37] . Thus, appropriate clinical expansion protocols are still lacking.
Regarding HSCT, some LSD, including MPS III (Sanfilippo syndrome), Batten disease, and late infantile ceroid lipofuscinosis (LINCL) do not respond to this treatment [25] . In these cases, it would be necessary to try to modify other cell types. Also, the extent of myeloablation and the number of modified cells that would be transplanted must be well studied. Even though genome editing with nucleases has been applied in many model organisms, there are still fundamental attributes that are unclear and need further investigation. These include molecular aspects of the systems. For example, the ratio of Cas9 to gRNA in the CRISPRCas9 system greatly affects mutagenesis efficiency [38, 39] . Theoretically, the more complexes are formed, the higher editing efficiency is expected. However, excessive cleavage efficiency can result in off-target breaks, one of the main problems related to nucleases. Unspecific cleavages were reported in several studies, not only using CRISPR-Cas but also for ZFN and TALEN [40] [41] [42] . Several methods have been studied to detect these off-target sites and thus improve the selection of cells before use. However, it is important to develop methods to optimize the systems by controlling component expression, improving target selection criteria, and engineering the nucleases to provide higher specificity.
Another area that needs optimization is the delivery of the genetic material to the cells. In the case of hematopoietic cells, for which the protocols for in vitro expansion do not work well, it is important that a large fraction of cells taken from the patient is properly modified. This largely depends on the efficiency of transfection. There are different ways of delivery systems for generating active nuclease components (e.g., plasmid-, DNA fragment-, and RNAbased delivery), and the best way must be determined for each cell type. Optimized electroporation and lipofection protocols for each cell type are also crucial to the success of the strategy. Besides being used directly for genome editing [43] , viral vectors are being used in combination with ZFN, TALEN, and CRISPR-Cas9. For transfectionresistant cell types, the use of viral vectors, such as integrase-deficient lentiviral vectors, adeno-associated virus-derived vectors, or adenoviral vectors, instead of plasmids, can be an option. An integrase-deficient lentivirus vector was successfully used for delivering ZFN into a panel of human cell lines and stem cells [44] . However, for TALEN delivery, this method does not seem to be so effective. For this system, adeno-associated virus vectors are indicated [45] . Viral vectors are also being used for delivering CRISPR-Cas9 system components. Maggio et al. transduced cells with this combination and observed rates of targeted mutagenesis similar to those achieved by isogenic adenovirus encoding TALEN targeting the same chromosomal region [46] . Moreover, factors affecting recombination efficiency, including the characteristics of the mutations, sizes and positions of the homologous flanking arms, and the stability of the given templates before HDR occurs remain to be evaluated.
Conclusions
The need for new therapies aimed at increasing treatment effectiveness for LSDs is evident, since the few therapeutic options available have important limitations. Combining targeted genome editing and HSCT seems to be a promising strategy to treat some of these diseases, especially those that are responsive to HSCT and have common mutations described. ZFN, TALEN, and CRISPR-Cas9 systems have the potential to correct mutations on specific sites, via doublestrand break followed by homologous recombination, and have proven to be efficient in treating other genetic diseases. However, since these technologies are very recent, some obstacles must be addressed. Additional methodological advances both in HSCT and nuclease-mediated genome editing will undoubtedly further enhance the use of these techniques, and make them a possible option for curing LSD.
